1. The effects of reduction of disulphide bonds in nicotinic acetylcholine receptors (nicotinic AChRs) with dithiothreitol (DTT) were studied in rat superior cervical ganglion neurones using the patch-clamp method in whole-cell and cell-attached recording modes.
1. The effects of reduction of disulphide bonds in nicotinic acetylcholine receptors (nicotinic AChRs) with dithiothreitol (DTT) were studied in rat superior cervical ganglion neurones using the patch-clamp method in whole-cell and cell-attached recording modes.
2. Dithiothreitol (1 mm) markedly reduced the ACh-induced membrane current, while the action of ACh remained reversible. Conversely, bromoacetylcholine (BrACh), if applied after the treatment with DTT, caused irreversible activation of nicotinic AChRs manifested in the appearance of a non-declined steady-state component in BrACh-induced currents accompanied by increased membrane current fluctuations. The successive reoxidation of sulphydryl groups by potassium ferricyanide (1 mm-ferricyanide) restored the response to ACh. Ferricyanide itself had a weaker inhibitory effect on the ACh-induced current, compared to the effect of DTT.
3. As a result of the action of DTT (1 mm), the spectrum of BrACh-induced current noise shifted to a higher frequency range.
4. The distributions of durations of the gaps (closed states) and the bursts (the states identified as open states after the shortest gaps were ignored) in single-channel activity of native (non-treated with DTT) nicotinic AChRs caused by ACh (30 ,lM) and BrACh (30 ,tM) were similar and both revealed four to five and two to three components for gap intervals and burst durations respectively.
5. Single-channel behaviour of reduced nicotinic AChRs was similar for both ACh and BrACh as agonists, but significantly differed from that in the native one. The first difference was the marked increase in the frequency of the appearance of long closed states of the channel that was presumably due to enhanced receptor desensitization. The second difference was an almost complete disappearance of long bursts associated with disappearance of the fastest component in gap interval distribution.
INTRODUCTION
Single interaction of an agonist with nicotinic acetylcholine receptors (nicotii'ic AChRs) is, as a rule, followed by-the appearance of a burst of nicotinic AChR channel openings observed in both muscle (Colquhoun & Sakmann, 1981 Leibowitz & Dionne, 1984; Sine & Steinbach, 1984; Gage & McKinnon, 1985; Leonard, Nakajima, Nakajima & Carlson, 1988) and nerve cells (Ogden, Gray, Colquhoun & Rang, 1984; Lipscombe, 1986; Derkach, North, Selyanko & Skok, 1987;  Mathie, Cull-Candy & Colquhoun, 1987) . Mean duration of the burst evoked by continuously applied exogenous acetylcholine (ACh) is very close to mean time constant of the excitatory postsynaptic current (EPSC) exponential decay in corresponding tissues (Colquhoun & Sakmann, 1983; Cull-Candy & Mathie, 1986; Lipscombe, 1986; ). This observation led to a principal conclusion that the time course of the EPSC decay was determined by the kinetics of the bursts that synchronously appeared in many nicotinic AChR channels opened by nervereleased ACh.
The results obtained in the studies of nicotinic AChRs in muscle cells indicate that fast channel openings and closings (gaps) within the burst are due neither to agonist binding-unbinding processes, at least at the agonist concentrations lower than those producing the open-channel blockade (Sine & Steinbach, 1984; Colquhoun & Sakmann, 1985) , nor to desensitization of the receptor (Colquhoun & Sakmann, 1985) , and rather are associated with conformational changes in receptor protein.
One can thus assume that agonist binding-unbinding processes are responsible for the onset and termination of the burst.
In neuronal nicotinic AChRs, the origin of the burst-like activity remains unclear. Marked differences between neuronal and muscle nicotinic AChRs in their structures (Steinbach & Ifune, 1989) , in their activities (Colquhoun, Ogden & Mathie, 1987; Skok, Selyanko & Derkach, 1989) and in regulation of their functions (Berg, Boyd, Halvorsen, Higgins, Jacob & Margiotta, 1989) , as found in recent studies, suggest that the mechanisms underlying bursts may differ in these two groups of nicotinic AChRs.
It has been commonly accepted that single activation of nicotinic AChRs by an agonist consists of three steps: (i) an association of the agonist with the receptor, (ii) subsequent conformational changes resulting in a burst of fast channel openings and closings and (iii) a dissociation of the agonist from the receptor, or receptor desensitization, that terminates the burst. This scheme suggests that if the agonist is bound to the nicotinic AChR irreversibly (i.e. the dissociation process in step (iii) is excluded), then the burst duration would be prolonged. The present study was aimed to verify this suggestion. Irreversible activation of nicotinic AChRs was obtained using bromoacetylcholine (BrACh) as an alkylating agent following the reduction of disulphide bonds in the receptor protein to free sulphydryl groups with dithiothreitol (DTT) (see Brown & Kwiatkowski, 1976; Vulfius, 1978) . It was found that, in contrast to the above suggestion, an irreversible agonist binding to the nicotinic AChR did not result in prolonged bursts of channel openings. Furthermore, the reduction of disulphide bonds in nicotinic AChRs preceding agonist binding led to a loss of burst-like kinetics; underlying mechanisms were discussed. Some of this work has appeared previously in abstract form .
METHODS

Experimental procedures
Superior cervical ganglia were isolated from the rat, killed by air injection under light ether anaesthesia, and placed in a physiological saline solution of the following composition (mM): NaCl, 133; KCl, 5-9; CaCl2, 2-5; MgCl2, 1-2; glucose, 11; tris(hydroxymethyl)aminomethane, 10; pH 7-2. Enzyme treatment was performed in the same solution with addition of 0 4 % collagenase (Sigma, type IA) at 36°C for about 30 min to clean the surface of the nerve cells. The ganglia were perfused with the solution throughout the experiment at 21-24 'C.
Membrane currents evoked by ionophoretic applications of ACh or BrACh to neuronal membranes were recorded by the patch-clamp method in the whole-cell recording mode (Hamill, Marty, Neher, Sakmann & Sigworth, 1981) . Patch pipettes (tip resistance 5-10 MQ) were filled with an 'intracellular' solution of the following composition (mM): NaCl, 140; CaCl2, 1; EGTA, 11; HEPES, 10; pH 7-2. Here NaCl was used instead of KCl to prevent the appearance of the AChinduced muscarine-sensitive potassium currents without the use of muscarinic antagonists.
The activity of single nicotinic AChR channels was recorded in cell-attached mode at 0-3 5 kHz bandwidth, and digitized at 20 kHz. A recording pipette (tip resistance 10-30 MQ) was filled with normal saline solution containing ACh (30,M) or BrACh (30,M) unless specially noted. The analysis of single-channel currents was similar to that described elsewhere with the interpolation procedure (spline computer program, see Colquhoun & Sigworth, 1983) added in this work, which allowed the minimal duration of resolved closed-state time intervals to be reduced down to 50 /ezs. The fitting of kinetic distributions with more than one exponential curve was performed using the 'from tail to head' method (Colquhoun & Sigworth, 1983) . The critical closed-time interval for the estimation of burst duration was calculated according to Colquhoun & Sakmann (1985) . Holding membrane potential, if not measured directly, was taken as -50 mV, i.e.
close to the mean resting membrane potential in sympathetic ganglion neurones .
For the reduction of disulphide bonds in nicotinic AChRs, DTT (1 mM) was applied by bath perfusion for 10-15 min (pH 8-0, 21-24°C) and then washed out for 5-15 min. To restore reduced disulphide bonds, potassium ferricyanide (1 mM), an oxidant of sulphydryl groups, was applied. Covalent binding of BrACh to nicotinic AChRs was achieved by subsequent treatment of the ganglion with 100 /sM-BrACh for 5 min followed by washing out. In this case, BrACh, unlike ACh, was not added to the recording cell-attached patch pipette. a reversible agonist. The ACh-induced currents elicited by long applications of ACh (2-10 s) gradually decreased in their amplitude and eventually disappeared (Fig. 1) . Subsequent washing out of DTT for 3 min (in some neurones up to 15 min) did not restore the response. DTT exerted a similar effect on the currents evoked by fast (100-300 ms) applications of ACh. Figure 3A and C shows an example of this effect. The response to ACh was still fast and reversible, but its amplitude was decreased about 8-fold.
To check whether the effect of DTT was indeed due to the reduction of disulphide bonds in nicotinic AChRs to free sulphydryl groups, the neurones were subsequently treated with ferricyanide. Ferricyanide (1 mm) gradually restored ACh-induced current (Fig. 1) . However, there was not complete restoration until ferricyanide was washed out. The latter effect could be due to a blocking action of ferricyanide itself on nicotinic AChRs. This assumption was tested in five neurones by addition of ferricyanide (1 mM) to normal perfusion solution for 5-10 min. Ferricyanide itself caused small outward or inward currents at -50 mV; ACh-induced current in the presence of ferricyanide decreased by about one-half (Fig. 2) . The effects of ferricyanide were partially or fully reversible after 3-5 min of washing out. These results suggest that DTT affects ACh-induced current through the reduction of disulphide bonds in nicotinic AChRs. Bromoacetyleholine likewise reversibly activated native nicotinic AChRs. Short ionophoretic applications of BrACh resulted in the appearance of fast inward current (Fig. 3B) . After the treatment with DTT, short applications of BrACh evoked a transient current which, unlike the ACh-induced current, was followed by a plateau current (Fig. 3D) . This plateau was accompanied by increased fluctuations in membrane current. Subsequent applications of BrACh further increased both plateau and current fluctuations (Fig. 3D) and persists after the end of agonist application, before and after the treatment with DTT, respectively. Note that after the treatment BrACh-induced current was smaller than in the control and slowly declined after application of BrACh (Figs 3B, D and 4). Such peculiarities of BrACh-induced currents could result from the enhancement of desensitization and/or from altered kinetics of reduced nicotinic AChR ionic channels. In order to test the former possibility, BrACh-induced current fluctuations recorded before and after the treatment with DTT were analysed. Figure 5 shows normalized noise spectra obtained in one of two tested neurones before and after the treatment with DTT; in the latter case noise spectra were obtained both during and after application of BrACh. The spectrum obtained before DTT treatment exhibited two Lorentzian components with cut-off frequencies 6-5 and 23 Hz. After the treatment with DTT the spectra exhibited single Lorentzian components with cutoff frequencies 52 Hz during, and 41 Hz after application of BrACh. In another neurone tested, the noise spectrum obtained before the treatment with DTT was likewise fitted by two Lorentzian components with cut-off frequencies 5 and 21 Hz. After the treatment with DTT the spectra retained two-components, although their cut-off frequencies became faster, being 9 and 27 Hz during, and 13 and 30 Hz after were 0 05, 0-21, 1-34, 34 and 1270 ms; relative fitted numbers of events were 73 %, 16 %, 4 %, 1 % and 6 % respectively). C, distribution of current pulse durations obtained after interpulse intervals < 325 ,ls (critical time interval calculated according to Colquhoun & Sakmann, 1985) had been ignored, fitted to two exponential functions (time constants, Tbl and Tb3' were 0-64 and 14-5 ms; relative numbers of events were 47% and 53%, respectively). Bin width is 20 ,us (A), 50 /is (B) and 1 ms (C).
To measure the durations of the bursts, the shortest closed-state intervals corresponding to intra-burst gaps were ignored. In this case, two to three open-state ('burst time') components were revealed for each of two agonists used (Figs 8 C and 9 C, D). The fastest component, Tbl (less than 1 ms), and the slowest one, Tb3 (about 10 ms), were always present. The latter component approached the EPSC decay time constant measured earlier in the neurones of the rat superior cervical ganglion at similar temperature and membrane potential contrary, BrACh-induced single-channel activity could be observed in the absence of BrACh in the patch pipette, provided that the ganglion was pre-treated with DTT, and BrACh was applied before cell-attached patch formation. Surprisingly, singlechannel activities of reduced nicotinic AChR produced by a reversible agonist, ACh, and by an irreversible one, BrACh, appeared to be very similar. The most essential difference between these activities and those observed in native nicotinic AChRs was that the bursts almost disappeared, and only apparent single openings remained (Figs 6B and 7B) . This finding was quantified by kinetic analysis of single-channel activities recorded after the treatment with DTT, which were similar for both agonists. In closed-time distributions the fastest component, rci, was lacking ( Fig. IOA and B) which correlated with the lack of the slowest component, Tb3, in burst-time distributions (Fig. 10C and D) . Furthermore, the contributions of slower closed-state components, 7c4 and Tc5, markedly increased ( Fig. 1OA and B) . These two components to corresponded to the gaps between clusters of bursts which, consistent with earlier suggestions, reflect desensitization states of the receptor (Sakmann, Patlak & Neher, 1980; Ogden et al. 1984;  Colquhoun & Ogden, 1988; Cachelin & Colquhoun, 1989) . The results obtained therefore suggest that the treatment with DTT may enhance nicotinic AChR desensitization. Mean conductance of ACh-and BrACh-induced single-channel currents after treatment with DTT was found to be 20-0 + 0-2 pS (n = 3) and 22-2 + 0-5 (n = 6) pS, respectively, being smaller than that for native nicotinic AChR by approximately 20% (see above).
DISCUSSION
Effect of reduction of the nicotinic AChR on its properties
The results obtained in this study indicate that the conversion of disulphide bonds to free sulphydryl groups leads to dramatic loss in receptor sensitivity to ACh, a reversibly acting agonist (Figs 1 and 3) . A similar effect was described for reduced nicotinic AChRs in fish electroplaques (Karlin & Bartels, 1966; Karlin, 1969) , in muscle fibres (Rang & Ritter, 1971;  Ben-Haim, Landau & Silman, 1973; Ben-Haim, Dreyer & Peper, 1975; Terrar, 1978) , in molluscan neurones (Sato, Sato & Sawada, 1976; Bregestovski, Jljin, Jurchenko, Veprintsev & Vulfius, 1977) , in rat (Brown & Kwiatkowski, 1976) , in amphibian sympathetic ganglion neurones (Trinus & Skok, 1979) and in chicken retinal cells (Aizenmann, Lipton & Loring, 1989) . The analysis of possible mechanisms responsible for loss of sensitivity in reduced muscle nicotinic AChRs showed that it was not due to changes either in agonist-receptor stoichiometry (Chabala, Gurney & Lester, 1986) or in nicotinic AChR ionic channel selectivity (Ben-Haim et al. 1973; Terrar, 1978 (Lester, Krouse, Nass, Wassermann & Erlanger, 1980; nor mean burst duration in single-channel activity Steinacker et al. 1987 ). However, this was not consistent with some shortening by DTT of the decay time constant of endplate current (Landau & Ben-Haim, 1974; Terrar, 1978 Although a drop of about 20% in the mean single-channel conductance was detected in reduced neuronal nicotinic AChRs (likewise in muscle nicotinic AChRs, see above), it was too small to account for the observed decrease in agonist-induced current.
It has been found in the present study that the reduction of neuronal nicotinic AChRs affects both ionic channel kinetics and receptor desensitization. It is suggested that these effects underlie the decrease in the ability of neuronal membrane to respond to an agonist which can be characterized by the probability (P.) Steinacker et al. 1987 ). This result is in striking contrast to that found in the present study for neuronal nicotinic AChRs. Burst-like activity of the ionic channel disappeared after disulphide bonds had been broken (Figs 6, 7, 9, and 10) . It seems important that a reversible agonist, ACh, as well as an irreversible one, BrACh, evoked very similar ionic channel activity in reduced nicotinic AChRs. This means that the process of binding-unbinding of the whole agonist molecule is not essential for changes in channel activity observed after reduction of disulphide bonds in nicotinic AChRs. (It should be pointed out that since BrACh covalently binds to the reduced nicotinic ACh at a distance about 0-6 nm from its anionic binding site (see Vulfius, 1978) , the possibility cannot be excluded that the cationic head group of covalently bound BrACh occasionally dissociates from the anionic binding site of the reduced receptor.)
On the other hand, an irreversible binding of BrACh to reduced nicotinic AChRs did not produce the prolonged bursts of channel openings (Fig. 7B ) that could be expected assuming that the agonist binding-unbinding process is solely what starts and terminates the burst, respectively. Therefore, there should be transitions of an irreversible agonist-receptor complex to state(s) with a closed channel. Data presented (Fig. 10) show that there may be several such states (e3, rc34 and TC5)* Note the significant increase in contribution to reduced nicotinic AChR channel activity of long channel-closed states (TC4 and r,5) that are believed to reflect the desensitization (Sakmann et al. 1980; Ogden et al. 1984; Colquhoun & Ogden, 1988;  Cachelin & Colquhoun, 1989) . This correlates with the loss of the ability of reduced nicotinic AChR to produce the burst-like channel activity.
Although BrACh irreversibly activated reduced nicotinic AChR ( Figs 3D and 4B ), presumably via alkylation of its sulphydryl groups, it failed to do this in native nicotinic AChRs (Figs 3B and 4A) . This fact suggests that there are no sulphydryl groups available for BrACh near agonist binding sites in native nicotinic AChR. However, the inhibitory action of ferricyanide on ACh-induced responses implies that there may be other functionally important sulphydryl groups in nicotinic AChR.
In conclusion, this work suggests that intact disulphide bonds are critically important for burst-like activity of neuronal nicotinic AChR channels which constitutes a fundamental difference between neuronal and muscle nicotinic AChRs. The dramatic drop in the ability of nicotinic AChRs to produce a response, observed after reduction of disulphide bonds, may be related to enhanced nicotinic AChR desensitization.
